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CHAPI'ER I 
INTRODUCTION 
1 
Flow over porous surfaces with suction or injection has 
been known for many years in practical applications. By in­
jecting a fluid into the boundary layer to reduce the wall 
shear, the wall temperature of materials which are subjected 
to flow of hot gases or high-speed fluids is reduced; thus, 
relatively low-temperature materials can be used for turbine 
blades, combustion chambers and after-burners of gas tur­
bines. By sucking a fluid from the boundary layer to prevent 
flow separation, wall drag as well as shear stress through­
out the boundary layer are reduced, and, for example, higher 
airfoil lift can be obtained during take-off of an aircraft. 
Recently, with the increasing demands for a quiet engine by 
aircraft manufacturers as well as by the public, acoustic 
materials with tuned backing have been introduced into turbo­
fan engines to damp out the noise emanating from the fan. 
With high-speed air flowing parallel to these rather rough 
and porous acoustic materials, alternative acoustic pressure 
acts as a force field to drive the air through the material. 
As a result, acoustic energy is consumed and the noise is 
damped out to some extent. This phenomenon can be simulate� 
by using a porous surface under the alternating action of 
injection and suction. So far, the aerodynamic properties of 
these acoustic materials are not very well known. 
Many studies in boundary layer theory have been con­
cerned with flow over a porous surface through which fluid 
1s injected or sucked. In 1936, Griffith and Meredith [1]* 
first obtained so-call�d "asymptotic suction :profiles" for 
constant-velocity suction at the wall, stated as 
U = u0 [1 - exp{Vw y/v)] (1-1) 
Later, Schlichting [2], Kay [3], Thwaites [4], and Ringleb [.5] 
solved the problem by approximation methods. However, they 
restricted their studies to laminar boundary layer problems. 
Recently, Mickley and bavis [6] and Rotta [7] obtai,ned solu­
tions for turbulent flow, but did not take roughness into 
account. In general, it had been assumed that �11 material 
surfaces were to be made as smooth as possible; attention 
was focused on deriving the "law of ·the wall .. formula for 
flow over smooth surfaces under injection or suction. In 
most practical flow applications, however, the Reynolds num­
ber is usually high enough that the surface must be con­
sidered rough and the flow must be considered turbulent. 
Without considering surface mass transfer, Driest [B] 
derived an ·analytical solution for turbulent flow over a 
rough plate. To obtain a better understanding of the effect 
of roughness on shear stress, Lumsdaine*� initiated a pro-
* Numbers in brackets refer to the References 
**Author's thesis advisor 
ject "Momentum Transfer for Flow over a Rough Porous Materi­
al with Variable Surface Mass Transfer". In the proposa� to 
this project, he first stated the concept of combining 
roughness with injection or suction in a universal law of 
the wall. The present studies are a part of his project: to 
find, using theoretical analysis, empirical expressions for 
the velocity profile and-the shear stress distribution and 
to substantiate this analysis with experimental data. In 
this study, Fran tl's boundary layer theory and turbulent 
mixing-length theory are assumed to hold. The governing 
equations for flow over a porous surface with injection or 
suction are the same as those for flow over an impermeable 
surface. The boundary conditions are modified to account for 
inje�tion or suction. At the wall, .the velocity component 
along the surface remains zero (no slip), but the velocity 
component perpendicular to the surface is assumed to be the 
injection or suction velocity Vw· When the fluid flows over 
a porous surface with injection or suction, the resultant 
flow at the wall is assumed to be wholly normal to the wall. 
This assumption can be justified_ by the fact that the pres­
sure gradient across the porous surface 1s usually large. 
Because this study assumes a turbulent boundary layer, _ 
all flow parameters are understood to be mean time-average 
values. As the first stage of Lumsdaine's project; the prob­
lem is also simplified by assuming a zero pressure gradient 
and incompressible, steady, and homogeneous two-dimensional 
flow. Acco"rding to the usual-boundary layer theory assump­
tions, injection or suction across· the porous surface 1s 
·assumed to be small, or the order U0Rz
-2; thus its ttsink 
effect" or "source effect" on the main flow outside the 
boundary layer can be neglected and ortly its influence on 
the sublayer is consider�d. In practice, however, injection 
or suction may have considerable effect on the main flow, 
but these effects are very difficult to take into account. 
A wind tunnel was designed by the author for studying 
the aerodynamic properties of porous plates; it was con­
structed and installed 1n the Heat Po1t1er Laboratory, Mechan­
ical Engineering, South Dakota State University. With a 
total pressure tube, the velocity profile throughout the 
boundary layer and the average shear stress at the wall were 
determined. A Preston tube was used to measure-local shear 
stress. There are only limited·experimental data available 
on the relation between roughness and shear stress for flow 
over porous surfaces with injection or suction. Because of 
instrumentation problems, it proved difficult to obtain data 
in the sublayer. Nevertheless, the present study can be con­
sidered to be a first step toward further investigations 
into problems of this type. 
. NOMENCLATURE 
Symbol 
A =  Van Driest constant 
A* = Dimensionless Van Driest constant 
Cf = Local friction coefficient 
Cf= Average friction coefficient 
Units 
ft 
D = Disturbance constant 
____ 
ft 
D* = Dimensionless disturbance constant, J7;,./p D/V 
DF = Damping factor defined by Eq. (2-18) 
d = Inside Preston tube diameter in 
E = Average roughness height ft 
E* = Dimensionless average roughness height, 
JTwlP E/V 
L = Length of plate 
P = Pressure 
Pt = Total pressure 
P
8 = Static pressure 
Pt = Total pressure at free stream 
0 
RAYL = RAYL number of acoustic panel 
RF = Damping factor defined by Eq. (2-24) 
Rx = Reynolds number, U0x/V 
U = Velocity component parailel to ·wall 
ft 
lbf/ft
2 
lbf/ft
2 
lb /ft 2 f 
lb /ft 2 f 
ft/sec 
U0 = Free stream velocity parallel to wall ft/sec 
U* = Dimens onless velocity, U/,/�./p. (shear velo�it�) 
Symbol· Units 
U
0 � = Dimens ionless free stream velocity, U0 /Jywfro 
U' = Fluctuation velocity of U 
V = Velocity component perpendlcular to wall 
v� = Dimensionless velocity, v/JTwlf> 
ft/sec 
ft/sec 
Vw = Velocity component at the wall perpendicular 
to the wall ft/sec 
V
w� = Dimensionless velocity, Vw/JTw/f 
V' = Fluctuation velocity of V ft/sec 
x = Coordinate along the wall ft 
y = Coordinate perpendicular to the wall ft 
y* = Dimensionless distance, JTwlP y/v 
Greek Letters 
0-- = Displacement thickness 
a;,= Thickness of the sublayer 
��= Dimens ionless thickness of the sublayer 
(} = Momentum thickness 
E = Eddy viscos ity, defined in Eq. (2-27) 
ft 
ft 
ft. 
lbr-sec/ft
2 
X= Universal constant from mix-ing-length theory 
f-L = 
V = 
f 
= 
T = 
Dynamic viscosity 
Kinematic 
Dens ity 
viscosity, - f.Llf 
Total shear stress 
lbr-sec/ft 2 
ft2 /sec 
l"bm/ft3 
lbr/ft
2 
'
t 
= Turbulent shear stress (Reynolds' stress) lbr/ft
2 
I 
I 
:Symbol 
T1 = Laminar shear stress 
T
w 
= Shear stress at the wall 
cj) = Energy dissipation 
(p = Total energy dissipation in the sublayer 
( 
Units 
lbr/ft 2 
lbf/ft 2 
lbr 2/ft4 
lbr
2/ft 3 
CF..APTER II 
ANALYSIS 
A uniform stream flows over a flat plate at zero 
incidence with speed U0 • This free stream velocity 1s not 
to be affected by the presence of the plate and the fluid 
which is injected or sucked through the plate. The fluid is 
·assumed. to be unltm1 fed 1n extent. The origin of the 
coordinates is taken at the leading edge of the plate, with 
x measured downstream along the plate and y measured 
perpendicular to and away from the plate (see Fig. 2-1) . In 
the absence of a pressure gradient, the equation of steady 
motion and the equation of continuity in the boundary layer 
are reduced to 
where the appropriate boundary 
for y = o, X 0 
y � 00' for all X : 
for- all Y,; X = 0 : 
u 
u 
u 
= 
= 0 
1 OT 
r oy 
conditions 
= o, V = 
= Uo, V 
= Uo 
(2-1) 
(2-2) 
are 
Vw(x) (2-3) 
= 0 (2-4) 
(2-5) 
y 
Free stream U0 
Boundary layer 
0 �=-=-===��==+===�:=====-=-=-=� X } • 
Injection or suction 
Fig. 2-1 Coordinates 
The fact that these conditions indicate a discontinuity at 
tpe leading edge where x = y = O implies a s1ngular1ty in 
the mathematical solutions, because the assumptions made in 
boundary layer theory break down for the region around the 
leading edge. The solutions being derived here must be taken 
to apply only to the region from a short distance downstream 
of x = o. Furthermore, the region to be discussed 1s 
restricted to the fully developed turbulent boundary layer. 
Usually, a certain value of the thickness 0-s of the 
yiscous sublayer has been assumed in the boundary layer; 
accordingly, for y L Os there should be no turbulent 
motion of the fluid at all. Experiments show that this 
expectation of no turbulent motion. in the sublayer is nbt 
true. Turbulent motion of the fluid 1s only damped out 
strongly by the wall but still exists. For an infinite flat 
plate undergoing simple harmonic oscillations parallel to 
the plate in the infinite fluid, Stokes[� indicated that 
the amplitude of oscillating motion of the fluid. diminished 
from the wall as a function of the factor exp(-y/A), 
where A 1s a constant depending upon the frequency of 
. . 
oscillation of the plate and the kine�atic viscosity of the 
fluid. Driest [8] then introduced the factor [1 - exp (-y/AD 
into the turbulent shear stress term and applied it to the 
case in which the plate 1s fixed with the fluid os�illating 
relatively to the plate (1. e� turbulent fluid flow). 
In the case of constant distributi on of in jection or 
suction along the plate, the derivatives  of flow. parame�ers 
with respect to x are so small that they can be ne glected 
in the range very close  to the wall. Thi s can be written as 
&- = 0 (2-6) 
The continuity equation (2-2 ) 1 s  then reduced to the form of 
dV = 0 
After integration of Eq . (2-? ) and substitution in the 
boundary conditions (2-3 ) , this yi�ld s 
V = Vw 
(2-7 ) 
( 2-8)  
Vw is  an  arbi trary constant which is  positive for i n j ection 
and negative for suction. With the substi tuti on of V = Vw 
and 
S
ox = 0 into Eq . (2-1 ) , the equation of motion become s 
V d U  w dy ( 2 9 )  
By i ntegrat ing Eq . (2-9 )  and using boundary conditions (� - 3 ) 
one obtai ns 
(2-10) 
Tw 1 s  the shear stress . at the wall and is assumed constant 
along the plate . Dimensionles s groups are defined for 
convenience as 
u� = u/JTwlf 
Y* = JTwlP Ylv 
By rearranging Eq . (2-1 0 ) , one gets 
T 
Tw 
(2-1 1 )  
( 2 - 1 2 ) 
The total sh ear stress in turbulent boundary theory �o] · is 
defined as 
T = L
rdU 
,dy 
pU ' V ' 
Prandtl's mixing length theory � o} indicates that 
( 2-1 3 ) 
( 2 -1 4 )  
X. is a universal constant and is equal to o . 4  approxi­
mately. When the dampi·ng factor [9] 
1 - exp ( -y/A ) · (2-1 5 )  
1s introduced ,  Eq. (2-1 3 )  becomes 
{ 2-16 )  
By non-dimensionaliz ing 
( 2 -1 7 ) 
where 
Rot ta [7] showed that it is reasonable to generaliz e  the 
damping factor as 
DF = 1 - exp 
Then Eq . (2 -1 7 ) is changed to 
2 1 8  9 9 7 ·souTH D ,1 TA T, :... 
(2-1 8 )  
Y LIBr A Y 
(2-19) 
Now , a subst itution of Eq. ( 2-1 9 ) into Eq. ( 2 - 1 2 ) yields 
(2-2 0)  
which is a quadratic equation with as the variable . 
Solving Eq. (2-20 ) for this variable , one obtains 
= 
-1 + J 1 + 4 X2 y;+( 2DF 2 ( l +V uY* ) 
2 X 2 y
;t:.
2 DF2 
(2-21 )  
The other solution wi th  the negative square root is not 
selected becaus e it gives an 1mpos sibl� soluti on. The 
expression for cannot be negati ve unless flow sepa-
r&tion oc curs. For convenience of analysis , a multipli cation 
by 1 + J 1 + 1.t- X 2 y * 2DF 2 ( 1 +V
w *
U* ) in the numerator and 
denominator of the ri ght-hand term of Eq. (2-21 ) yi elds, 
after simplificati on , 
= 
1 
2 ( 1  + V U* )  
W '#.  ( 2  ... 22 ) 
This differential equation cannot be integrated directly ;  
�however,  it ca� be integiated numerically to obtain the 
dimensionless velocity profile. 
So far, the roughness factor has not been mentioned . 
Roughness is considered as a vortex generator. The vortex­
generation should grow with the size of the roughness. A 
disturbance constant D was introduced by Driest [9] . The 
damping factor should then be modified to 
1 - exp ( - y/A) + exp (- yD/AE) (2-23 ) 
where E is the average height of roughness. Because the 
roughne ss is considered as a vortex generator, the factor 
ex� (-y/A) should decrease its effect on the flow. The 
factor exp { -yD/AE) is introduced to counterbalance the 
fact or exp ( -y/A) . As the vortex generati on should grow with 
the siz e  of roughness � the roughne ss damping factor is 
increased with increa s ing roughne ss E. Until the roughness 
is equal to th e disturbance factor, th e  flow becom e s  fully 
turbulent . By writi ng the roughness damping factor in 
generali zed form as 
RF = 
(2 ... 24) 
Equation ( 2 -22 ) then becomes 
which now include s  the �ffect s  of  rou
ghness . As the 
Reynolds' stress pU ' V ' is usually writ
ten as Tt 
(2-25 ) 
(turbulent shear stress ) , and since 
dU 
T1 = fLdy 
for the 
laminar shear stress, the total shear 
is  
With the eddy viscosity E defined as 
Eq. (2-26 ) can be wri tt en as 
= 
or 
= 
= 
T - T (
du� ) w dy# 
(2-26 ) 
{ 2 -27 ) 
{ 2-2 8 ) 
(2,...29 )  
By the relation from Eq . ( 2- 1 2 ) , Eq. (2- 29 ) finally reduce� 
t o  
( 1  + v 1 >'t-u�¾- > · ( 2 - 3 0 ) 
Since 
/ 
T = (ll_ + E ) dU r dy 
then , by non-dimensional i zing , one obtai ns 
T = 
Therefore , 
Tw 1 = dU� 
dy* 
By substi tut ing Eq . ( 2 - 1 2 ) into Eq . (2- 3 3 ) , one gets 
= 
1 + Vw *U* 
dU* 
dy* 
1 
(2-31 ) 
(2-32 ) 
(2-33 ) 
(2-34) 
whi ch  i s  the relation between vi scosity and eddy vi s cosity . 
By multi plying the num erator and denomi nator of the left ­
hand term of Eq . (2-34 .) by �� ' one fi nds that 
= 
1 + · v,� .,P ➔t­
du* 
dy* 
- 1 (2-35 ) 
Equation ( 2-35 ) provides a relati onshi p between turbulent 
shear stres s and laminar s hear stress throughout the · 
boundary layer . 
From the conservation of energy , Rot ta [7] derived a 
relation for the sublayer : 
0 " (2-36 ) 
or 
( 2 -36a ) 
In Eq. ( 2-36a ) ,  the first term is the production of energy 
and the second term is the total energy dissipation in the 
sublayer. The energy producti on can be written as 
Tl 7t . dU f.Ldy Tt 
or 
11 't 
= a.u * t ( 2-37) dy * Tw 
Equati ons ( 2-36 ) and ( 2-37) provide an underst anding of how 
the energy dissi pation acts in the sublayer . 
There are two unknowns D �  and A *  wh ich should be 
determined before solving Eq. (2-22 ) and Eq. (2-25 ) . 
Driest [� suggests that D�  = 60 is a good approximation. 
From Rotta ' s  data �] , A �  can be represented approximately 
by 
and 
A )I:.. = 26. - 200 V W *  
(for the injection case ) 
(for the suct ion case) 
From Eq. (2-25 ) , X is assumed to have a value of 0. 4 .  The 
boundary conditi ons used to solve �qs . (2 - 2 2 ) and (2-25) 
are : 
= 0 0 = 1 { 2-38 )  
and 
00 = 0 { 2-39) 
However, the integration constant of Eq. (2-22) or Eq. (2-25 ) 
is .taken care of by nume rical integration procedures. The 
IBM-360 Computer Program I (Fortran) 1s given in the
_ 
Appendix ; it was u s ed to fi nd the numerical results for 
given value s of  E * and Vw * in  Eq . ( 2 -2 2 )  or 
Eqs . ( 2 -25) , ( 2 - 3 0 ) , ( 2 - 35 ) , and ( 2- 37 ) . The re sult s are 
di scus s ed in Chapt e r  I V . _ 
CHAPTER III  
EXPERIMENTS 
A. Wind Tunnel 
- . 
The wind tunnel used for the experiments i s  sho1,m in 
Figs. J-1 to J-4 . It was designed to simulate two-dimension­
al flow over porous plates with either suction or injection 
of a secondary fluid from or into the boundary layer . 
Referri ng to Fig . J-1 , the main-stream air is blown into the 
honeycomb section 2 by a cetrifugal fan 1 .  The honeycomb 1s 
constructed with six-inch long steel tubes one-half inch in 
diameter ; it is used to damp out the rotational motion of 
the fluid produced by the fan . Screens 3 and 4 generate the 
turbulent motion in order to simulate a turbulent boundary 
layer. Ducts 5 and 6 suck the main flow into the air intake 
duct 15  so as to reduce the boundary layer thickness . A 
damper in each of the ducts 5 and 6 enables them to be fully 
closed. The back plate ? in the te st section is adjustable 
to allow simulati on of uniform or accelerated flow . With 
plugged holes in the back plate 7 ,  pressure tube probes 8 
can be inserted into the test section to take data through 
the holes . Section 9 indicates the· porous plate to be 
studied. Section 1 0  is a secondary air ple num to provide the 
i njection or suction . The secondary air is supplied by a 
vacuum pump through air hoses and valves 1 ) . Rockwopl 1 2  -1s 
packed between test plate 9 and flexible plate 1 1 . The· 
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density of the rockwool is determined by the shape of the 
�lexible plate at different locations. Since the varyin� 
density of the rockwool introduce s  a different pre ssure re­
si stance to the air whiqh passes through the rockwool, the 
desired distri bution of injection or suction can be s imulat­
ed. Bellmouth plug 1 4  was used to ad just the back pres sure. 
The te st cross-sectional area was 9 1 /4 inches by 9 3 /4 
inches ; the s e ction was 48 inches long. The honeycomb sec ­
tion and the test s ection were constructed with quarter-inch 
mild st�el plates . Ten-guage mild steel she ets were used to 
build the air return and intake s ections . The heavy-guage 
steel plate s and the flexible connections between fan and 
ducts were used mainly to prevent propagating the vibrations 
produced by th e fan. The wind tunn�l was designed for easy 
di sas sembly to allow further modifications .  
B .  Experimental Procedures  
The basic experimental procedures are as  follows : 
1 .  Turn on air pump , set the desired distribution of 
i njection or suction by adjusting the flexible plate . 
2. Turn on the fan . Set the main-s tream velocity by 
adjusting the intake duc t damper a�d the bellmouth plug . 
3 .  Adjust the boundary layer removal by means of  the 
dampers in the return ducts . 
4 .  Ad j ust the back plate to make or 
d P  a.x· eq_ual 
t o  zero or to any desired value . 
5 .  Measure velocity prefiles at di fferent stati ons 
along the te st plate through .the opening in the back plate. 
The wind tunnel should be operated at steady s tate . 
C. Measurement and Calculation Technique 
1.  Velocity Profile 
Boundary layer veloci ty profiles are measured at dif­
ferent x-stations along the top wall as desi red. Static 
pressure is measured at each stati on by a static probe in­
serted into the main stream. No measurable pre ssure gradient 
was observed in the y-direction. A specially constructed 
probe was used to obtain total pressure in the boundary 
layer. The probe tip was made from a 22-guage steel ne edle 
wi th an outsi de diameter of 0. 0291 5 inches. The total pres­
sures used to calculate the velocity profile were measured 
by means of multi-tube manometers using 0. 826 specific grav­
ity oil as the measuring fluid. The reference pressure for 
the manometers 1s atmospheric .  
2. Boundary Layer Thickness 
The measured ' velocity profiles were used to calculate 
the boundary layer momentum thickn�ss 
e = .r Jo ( i  - t) dy ( 3-1 ) 
and the boundary layer di splacement thickness 
CT = Joo ( 1  
0 
( 3-2 ) 
at each station . There are two computer programs given in 
the Appendix for obtaining numerical results to Eqs. (3-1 ) 
and (3-2 ) . Program II was used to plot velocity profi les 
approximately.  The velocity profiles can be smoothed out by 
the operator. Program III was used to obtain numerical 
results for e and � 
3 .  Friction Coefficients 
Average fri ction coeffi cients were evaluated by means 
of the Von Karman momentum equation, with the terms involv­
ing products of the fluctuating velocity components 
neglected: 
= ( 3-3) 
It 1s believed that, except in the vicinity of a separation 
point. or at very hi gh blowing rate s, the fluctuating terms 
may be ·safely neglected [6] . In the present experiments, 
dUo dP - or - was approximately zero. Computer Program III dx dx 
was used to obtain average friction coeffi cients and shear 
stress at the wall besides solvi�g Eqs. (J-1 ) and (3-2 ) .  
The local friction coe fficient _ was measured by a Preston 
tube . This tub·e, with an external-to-internal diameter rati o 
- ..,1  
of o . 6  and an external diameter of 0 . 02915 inches, was 
m9unted at· the middle plane of the te st duct, with a · static 
pressure probe at the same vertical plane . Smith and 
Walker's calibration formula [1½ was used to calculate the 
shear stres s at the wall Tw • This equation 
= (Pt - P ) d  
2 
1 . 396 + 0 . 875 log 1 0  4pV 2 
1 0  
1s good for Reynold s numbers up to 2 . 5 x 1 0  • Thus the 
local friction coefficient is 
( 3-5) 
afte::r Tw 1 s  calculated from Eq. ( 3-4) and the collected 
pre s sure data . Program IV i s  given in the Appendix for Eqs . 
( 3-4) and (3-5 ) to get numerical values from experimental 
. data. 
4. Roughnes s  E 
There are many mechanical devices  to determine the 
roughness of a plate, but none were used in the present ex­
periments because they were not available. Instead, a com­
parison method was utilized. All the equipment was checked 
out by running the test on a smooth flat plate without in­
jection or suction. The calculated average friction eoe ffi� 
clent for this smooth flat plate at certain Reynolds numbers 
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was compared to the graph obtained by Schlichting � � . 
Then, by running the test und er the same conditions on a 
panel of unknovm roughness, the calculated local friction 
coeffici ent at certain Reynolds numbers was located on the 
Schlichting graph. The corres pondi ng value of U0E/V was 
foµnd . As U0 and V are known properties during the t est, 
E can e as ily be determined. 
D. Acoustic Panels 
There were four acoustic panels of RAYL 5 ,  16 , 25 ,  and 
40 which were donated by The Boeing Company , Seattle , 
Washington , for the experiments . Each panel was run for 
three different cases : 
1.  No injection or suction 
2. With injection 
J .  With suction 
After all necessary de.ta were collected and· the 
veloci ty profi le s  and local friction coeffici ents were 
determined ,  t he velocity profiles were transformed to .n�n­
dimensional shear velocity and sh ear coordi nate form . Thus, 
th e  comparison between theoretica.l _analysis and experimental 
results can be made. Computer Program V is given 1 n  the 
Appendix for this purpose. The experimental results are 
discussed in the following chapter .  
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CHAPrER IV 
DISCUSSION AND CONCLUSIONS 
A. Theo�eti cal Analysis 
The combination of values for each parameter E �  and 
Vw #. used in Program I to find numeri cal results for the 
theoretical universal velocity distribution, the turbulent 
shear stress distribut ion ,  the ratio of turbulent shear 
stress to laminar shear stress , and the energy production 
distribution are as follows : 
E �  = 0, 1 0, 2 0 ,  30, 40 , 6 0 , 1 00 
vw� = 0 . 12, 0. 0 8 , 0 . 04 ,  o ,  -0. 04 , - 0. 08  
J1 
Only partial results were plotted. The disturbance constant 
D �  which is equal to 60  i s  cons i d �red a criterion of the 
rough characteri sti e s or  the f at  plate. When E � is equal 
to zero, the plate is  smooth. When E� is larger than zero 
but less than or equal to D* ' the plate 1s  partly rough. 
When E� 1 s  larger than D:if. , the plate is fully rough. In . 
Fi g. 4-1,  curves show the uni versal velocity distribution of 
flow over a flat plate  with different roughness but without 
1nject1on or suction (i. e. variou s  values of E *  and with 
Vw � = 0) .  Regions of roughness de
termined by the disturbance 
constant are also shown. Figs. 4-2 .to 4-9 show the universal 
Velocity distribution of flow over a flat plate with a fixed 
roughness but with various injection or suction ; these curve s  
are derived by solving Eq. ( 2 -25) . All uni versal ve
locity 
32 
�1str1but1ons were plotted with U� and y� as coordinates 
on a semi-logari thmic chart • .  One can find that each curve •in 
the se fi gures has an inflection point at 1 0 , y* � 50 . This 
inflection point i s  about . at a distance where y� 1 s equal 
to A* . Where y* is less than A�, the damping factor DF 
pr RF has very little effect on Eq. (2-22 ) or Eq . (2-25 ) . In 
other words, the viscosity effect dominates the fluid flow 
very near the wall . But as y* approaches and. gradually be­
comes larger than A* ' the damping factor increases its 
effect and turbulent motion be comes dominant . Equation (2-22 } 
or Eq . (2-25 ) falls when VW-H- 1s approximately less than 
-0 . 08. The square root ln  these equations becomes imaginary. 
It can be explained that fluid flow becomes laminar when 
Vw * � -0. 08 ; Eqs . { 2 - 22 ) and (2-2� )  hold only f or turbulent 
flow . Another defici e ncy 1s that these two equations do not 
give any information about separation .  Actually, at large 
values of VW';( ' separa t i on 
wi ll  occur . 
From Eq . (2-30) , the ratio of  turbulent shear stress to 
shear at the wall in the sublayer for a constant roughness 
E * with various injection or suction values V was W *  
Plotted versus in Figs. 4-1 0  to 4-1 J. Since the 
turbulent shear stress 1s defined as 
or 
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then �t Y = 0, Tt is eqtial t o  zero and so is the ratio of 
TtlTw · However, wi th  increas i ng Y , the turbulent shear 
stres s 1s  increased unti l  at very large y ,  �; becomes 
very small and TtlTw remains alm ost constant. Also, from 
Eq . ( 2-30 ) ,  one obtains 
= 
'l'his ratio of Tt/Tw i s qui te  different from unity at large 
Y* which can be seen  in  Figs. 4-10 t o  4-13, except at 
V
w � = o .  This impl i e s  that the conventional assumpt ion that 
total s hear stres s  T ls  approximately equal to the shear 
stress  at the wall Tw fails for the sublayer when injec­
tion or suction exis t s . 
Results from Eq . ( 2 -35 ) were plot t ed in Figs. 4-14 to 
4-17 ;  in each fi gure, the roughnes s E *  is kept c·onstant at 
either O, 20, 60, or 100 and Vw � is  shown for six differ­
ent values . Notice that when E *  is equal to  zero, · the 
ratio Tt /Tl is small when . Y� 1 s  s�all. But when rough­
ness exi sts ,  this rat io becomes large. Roughness generates 
turbulent mot i on and increases turbulent shear s tress . _ How-
. ever ,  at large y�, the ratio 't /Ti i s  usually large be­
cause there the turbulent mot ion e ffect s pred ominate over 
I 
i 
· the viscos ity effects. For a rough plate , the ratl o  Tt/T1 
1 s  larger than uni ty in the sublayer. In Figs . 4-15  to 4-1 ?, 
the total shear stress T can be considered approximately 
equal to  't. 
In Figs • . 4-18 to 4-22 , the result s of Eq. ( 2-37 ) were 
plotted. �nergy prod uction T
1
T
t 
1s c onsiderably smaller 
than energy d i ss i pation very near the wall ; it increases 
wl th increasing y� to it s maximum value and then decreases 
rapidly. Since energy di ssi pation [ 7] 1s written as 
one can get 
= 
The substi tutio n of th is expres sion into  Eq. ( 2-J6a) yields 
= 
The thickness of the sublayer 
� 1 S *  d 2 U 2 
dy 2 < T ) dy;t:. 
0 * 
a: can be calculated when 
S >K  
Tw i s known. In jecti on increases energy product i on because 
it adds energy into the sublayer ;  the opposite 
holds for 
S t ergy Produc. tion becaus
e more uc ion. Roughness d ecreases  en 
e t o  t'-ne wall, thus increasing
 the value of nergy diss ipates 
I 
/ 
15  
shear stress at  the wall. In  view of conservation of  energy , 
wi th equal shear stre s s  at the wall , the thickne s s  of the · 
sublayer 1 s  reduced by injection or roughne ss but increased 
w1th suction . However ,  the total boundary layer thickne s s  1 s  
increased by injection or roughness and decreased by suction. 
Fro the discus sion and graphic variations in the 
figures ,  conclusions can be made as follows : 
1.  Knowing E �  and V , the universal velocity distri- · w� 
bution and the turbulent shear distribution can be predicted.· 
2. The total shear stre s s  T cannot be as sumed equal to 
the shear stre s s  at the wall T
w 
in the sublayer when in jec-
tion or suction exis t s. 
3. Injection increases the d i mensionle s s velocit y pro-
file , energy produc t ion and th e ratio of turbulent s hear 
stre s s  to the shear stre ss at the wall . Suction has the 
opposite e ffect . 
4. Roughne s s  decreases the uni versal velocity profile 
and energy production . It also decrease s the ratio of turbu­
lent shear stre s s  to shear stre ss at the wall when injection 
exi st s , but it has the opposite  e ffect when suction e s ists. 
5 .  The relation between roughness and shear stres s 
throughout the boundary layer can . be predicted , but ther
e is 
st111 no way to obtain the shear stress at the wal
l by this 
analysis. However , the wall shear can be foun
d experi-
mentally. 
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B .  Experimental Results 
Series of tests for each panel were run according to 
the procedures out l i ned in. Chapter I II, with the air temper­
ature at 1 00 ° F .  Thi s impl ies that � = 0. 07 044 lbm/rt
3 and 
fl = 3. 97 x 1 0-? lbf-s ec/ft
2 for the .air during the tests. 
Velocity profiles ,  tot al pressure , and static pressure at 
both s tation x = 1 2  incl es and station x = 30 inches were 
measured a.nd calcula ted . Momentum boundary layer thickne ss e 
and displacement boundary layer thickness CT were calculated 
according to measured V8loci t y profiles by Eqs. (3-1 ) and 
(J-2 ) .  Also ,  the roughnes� of each panel was calculated by 
the comparison method mcnt i one i n  Chapter III  and was put 
in terms of U0E/u. 'rhe  ave rage 'friction coefficients c • /2 f 
were tabulated 1n Table 4- 1 . Th� Reynolds numbers were de­
termined using the di f f erent i al distance 6x = 1 8  inches. In 
the third and four t h  column of  Table 4-1 , the first value 
refers to boundary layer th i cknes ses 0 or CT at station 
x = 12  and the sec ond one re fers to those at s tation x = 30 . 
In the eighth column of  Tabl e 4- 1 , the values for the average 
friction coeffic i ent were derived from Eq. ( 3-3 ) .  Notice 
that for a. smooth plat e (RAYL = U0E/v = 0 ) at Rx = 5 • .52 x 10 5, 
the value of  c • /2 = 1 . 85 x 1 0-3 1s 0 . 65 x 1 0
-3 lower 
than the value obtained by Schlichting [1 oJ · This error is 
due to a slight favorable pres sure grad
ient because of a 
ml sadjustment on the ad justable plate. Since th
is pressure­
gradient was not measured ,  an assumptio
n is made to ad just 
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the reference value (smooth plate )  to  coincide wi th standard 
values .  The remaining coeffi cients are ad justed by the same 
factor . The corrected average frict ion coefficient s are 
listed in Table 4-1  and are used for calculating roughness E .  
The local friction coefficients Cf/2 which were ob­
tained by Eq. ( J-4 ) were tabulated in Table 4-2. The values 
of Cf/2 for smooth plates shown in Table 4-2 are also not 
consistent with those given by Schlichting [1 o] , but vary · 
irregularly. It ls  conjec tured from this that the Preston 
tube is not a reliable i nstrument for obtaining w�ll shear 
data under conditions of  mass transfer at the wall boundary. 
In fact, all values for C ' /2 f in Tables 4-1 and 
4-2 are not very accurat e because of instrument ation diffi­
culties . The ordinary manome �er cannot read out very small 
pressure changes and is certainly not sensitive enough to 
measure total pressure changes in the sublayer. Another com­
plication 1s the ini t ial measurement point at y = 0 or 
very close to the wall, say, at y = 0 . 002 inches. This 1s 
not actually the zero point of the velocity profile except 
on a smooth plate. 
The effects of wall roughness on velocity distribution 
explained by Pao [1 2] are given in Fig � 4-2). When roughnes�  
of  the wall exi�ts, the  pressure tube lies on the surface of 
the wall and does not measure the actual total pre ssure . 
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Deviations in measurement due to this mislocation of the 
pre ssure tube ls not considered at present. Its effects ar� 
also in no way predictable . A further difficulty is bringing 
the pr essure tube 1n contact with the test panel to start 
the measurement. At present, the contact was made by the 
observation and feeling of the operator . The re productivity 
of y = 0 ls almost impossible to obtain. Deviations in the 
measurement of each run are thus expected. Neverthele s s, the 
experimental re sults l i sted in Table 4-1 are s t ill reason­
able enough to be useful . 
The dimensionless velocity profiles at stations x = 12  
and x = JO  in  each run were plotted in  Figs. 4-24 to 4-2 8 
with y/u and U/U0 as coordinates. Each curve re pre sents 
a main stream velocity profiJ._e under a speci fied Vw as in­
dicated in each figure . Only limited runs were made for each 
panel, and only five panels were studied. No definite con­
clusions  can be drawn from the collected data. However, the 
trend that in j e ction and roughness increase the boundary 
. layer thicknes s  and that suction decreases the boundary 
layer thickness can be seen in Tables 4-1 and 4-2 .  Also that 
injection delays the di�ensionless veloci ty profile and that 
suction flattens the dimensionless velocity profile can be 
observed from the data on Fig s. 4-24 to 4-28 . 
U
0
, fps Rx 0 , in. 0-, in. 
66 . 87 5 . 52 X 1 05 0 . 03 1 O .  0 358· 
0 . O f•i l!. 0 " 0?40 
68 . 22 5 . 64 0 . 0 3 0 8  0 . 0 36 0 . 0741 0 . 0864 
69 . 24 5 . 7 2 0 . 1 1
2 0 . 149 
0 . 2 25  0 . 3 16  
68 . 74 5 . 69  0. 0 1 54 
0 . 022 3  
0 . 0 1 57 0 . 0232  
7 0 . 25  5 . 8  0 . 05 66 0 . 0755 0 . 1 03 1  0 . 1 3 56 
-
7 1 . 7 9 5 . 93 0 . 1 396 0 . 2 087 0 . 2 578 0 . 38 37 
68 . 4-8 5 . 6 
0 . 0 1 1 7  0 . 0 1 86 
0 . 0 1 25 0 . 0284 
70 . 9 5 . 87 
0 . 05 73 0 . 0758  
0 . 1 039 0 . 141  
Vw/Uo RAYL 
0 0 
0 5 
J • 05 X 1 0-3 5 
-2 . 1 8 5 
0 1 6  
5 . 2 9 1 6  
-2 . 1 9 1 6  
0 25  
u E/vl Cr ' /2 o 
Y Eq . 3 -3  
0 t . 85 x 1 0
-3 
27 0 2 . 41 
274 1 . 2 8  
272  2 . 2 0 
J O O  2 . 58  
3 06 1 . 27 
293 2 . 24 
3 1 0  2 . 59 
Cf ' /2 
corrected 
2 . 5 x 1 0---
3 . 06 
1 . 93 
2 . 85 
3 . 2 
1 . 92 
2 . 89 
J . 24 
6 x  = 1 8  in.  (continued ) 
Table 4- 1 Experimental Data and Result s I 
\J\ '° 
6x = 1 8  in . ( continued ) 
u
o
9 fps 
7 1 . 48 
6 7 . 7 1 
69 . 25 .  
7 0 . 37 
6 9 . 05 
e ' in . (;, in . Vw/Uo U0 E/2; Cr ' /2 R · RAYL by Eq . 3-3 X 
5 • 91  X 1 0
5 0 . 1 283  0 . 1 862 3 . 5 2 5  3 1 2 2 . 35 0 . 2 29 0 . 3 367  
0 . 0 1 2 1 0 . 02 02 5 . 58 0 . 0 14  0 . 02 1 6  -2 . 22 25 2 96 2 . 32 
5 . 7 1 
0 . 0 6 57  0 . 0879  0 40 38 0  2 . 81 0 . 1 1 62 -o . 1 5 27 
5 . 82 0 . 147
8 0 . 2 1 83  
3 . 69 40 386  1 . 37  0 . 2 387 0 . 36 17  
5 . 7 
0 . 0 37 3 0 . 0498 -2 . 17 40 379  2 . 1 7 0 . 032 0 . 05 03  
Table 4-1  ( continued ) Experim ental Data and Re sults I 
Cr ' /2 
corrected 
3 . 0  
2 . 97 
3 . 45 
2 . 02 
2 . 82  
°' 
0 
x ,  in 
1 2  
3 0  
1 2  
30 
1 2 
30  
12  
30  
12  
30 
12  
30  
12  
30  
12  
30 
U0 , fps Rx . Vw/Uo .RAYL 
Cr/2 
by Eq . 3-4 
3 . 68 X 1 05 2 . 1  X 1 0-3 
66 . 87 9 . 2 1  0 0 1 . 99  
3 . 76  2 . 35 
68 . 2 2 9 . 388  0 5 2 . 397 
2 . 8 1 
5 . 05 X 1 0-J · 
1 . 95 
69 . 24 9 . 54 5 1 . 8 
3 . 7 9 . 2.  074 
68 . 74 9 . 5  -2 . 1 8 5 2 . 03 
3 . 95 2 . 52 
70 . 2 5 9 . 89 0 1 6  2 . 24 
3 . 95 1. 88  
7 1 . 79 9 . 67 5 . 2 9 1 6  1 . 8 0  
3 ° 7 3 2 . 34 
68 .48 9 . 43 -2 . 1 9  1 6  2. 14 
3 . 91 2 . 55 70 . 9  9 . 78 0 25 2 . 14  
(continued ) 
Table 4-2 Experimental Result s and Data II °' 
� 
( continued ) 
Cr/2 
x , in. U0 , fps Rx Vw/Uo RAYL by Eq . J-4 
1 2 3 .  94 X 105 2 . 0J8  X 10-3 
30 7 1 . 48 9 . 85 3 . 5 25 1 . 75 
1 2 3. 7 3  2 . 33  
30  67. 7 1 9 . 32  -
2 . 22 25 1 . 998 
12 3 . 8 1 2 . 2 5 
JO 6 9 . 2 5 9 . 54 
0 40 2 . 1 3 
12 3 . 88 1 . 9 
3 0  7 0 . 37 9 .. 6 9  3 . 6 9 40 1 . 79 
1 2 3 . 8 2. 22  
30  69 . 05  9 . 5 1 -2 . 1 7 40 2 . 04 
Table 4-2 ( continued ) Experimental Re sult s and Data II  
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c. Comparison Between Theory and Experiments 
Based on data in the preceed1ng section of this 
chapter, the velocity U a·nd the velocity perpendicular to 
the wall Vw ' the roughness E and the coordinate 
transformed into dimensionless ·rorm by the , relations 
u - U/J T ,/f -11< 
v
,.1 � 
= v,/J Twlf 
E �  - J T wlf E/V 
y� = J Twlf y/v 
y were 
·by employing Program V .  1'11 e shear at the wall T w was 
calculated from the average friction coefficient Cr ' /2 .  
Re_sults correspond ing t o  ea.ch run for each panel with 
spe cified E *  and VW "if. were plotted in Fi gs. 4-2 9 to 4-41 
with U,i::. and y* as coordinates . With the same specified 
E and * theoret i cal uni versal velocity  distributions 
were obtained with Pro gram I ;  the y were plotted in t he 
appropriate fi gure s . 
Devi ations between theory and experiments were 
obs_.erved • .  Those  d eviations may be caused by improper values 
for
_ A*; D �  or X in the th eoretical analysis or from 
1mprop�rly measured data obtained during the ex
periments as 
expl�ined in the preceeding section of this chap
ter. ?fotice 
that the devi ations between theory and exper
iment for the 
suction case are very small. This 1 s  becau
se flow over 
70  
porous plates with suction is more stable than flow wi th 
injection or flow with neither in ject ion nor suction, and 
less errors exist during measurement s. This also _ implies that 
the deviations between theory and experiments can be 
attributed mostly to the experiments and only to a minor 
degree to the theory. The s� deviations might be decreased 
and the results im proved by resolving the existing 
difficulties in instrumentation. Another point to support 
the correctness of the theory is that the shear within the 
boundary layer should increase under in jection, which 1s 
. shown by the theory, whereas the experim ental values 
indicate  only a negli gi ble increase i n  shear . Therefore ,  the 
present theory seems to  provi de an acceptable means of 
obtaining the veloci t y  distribu tion and turbulent shear 
stress distributi on of flow over rough porous plates. 
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CHAPrER V 
SUMMARY AND RECOMMENDATION 
A. Summary 
· The uni versal velocity distribution and ·the turbulent 
shear s tress distribut ion �hroughout the boundary layer of 
flow over a rough porous plate was presented .in Chapter II  
by solving the governing partial di fferential equation. In 
Chapter I I I ,  t he experimental equipment and methods were 
discussed which were used to study the aerodynam i c  
84 
. properties ·or acoustic panels. The results were examined in 
Chapter IV ; they sho� that the theory is acceptable through 
a compari son with experlrrental results. 
Effect� of in ject ion, suction and roughness on the 
universal velocity di stribut ion and on the turbulent shear 
stress distribut i on throughout the boundary layer can be 
�redicted by the theory. However, the shear stress at the 
wall must be de termined experimentally. 
B .  Recommendation 
1.  In Theory 
G 
Present studies assumed zero· pressure gradient and 
constant distri bution of surface mass transfer along the 
plate. In pract i cal use, however, cases are rarely like 
those which have been a ssumed. The flow with non-zero 
/. I 
85 
pressure gradi ent and with variable surface mass transfer 
along the plate should be an�lyz ed and descri�tive equations 
develbped . 
2. In Experiments 
Either a mechanical or electronic device should be 
used to  improve the reproductivity of readings at y = o .  
Al so,  a micro-manometer of the Prandtl t ype should be used 
to obtain more sensiti ve readings. Even though a hot-wire 
anemometer ls  good for measuring velocity fluctuations , · 1t 
· 1s not accurate for - measuring small changes in the mean 
velocity profi le. However, hot-wire anemometers should be 
employed to study the turbulent motion of the fluid through­
out the boundary layer. 
I 
i ,. /I 
� 
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I PROGRA�1 _ OR CALC ULATING VELOCITY DISTRIBUTION 
Program Symbo _ Ana· ys i s  Symbol 
Input : 
AK 
vw 
C1 
C2 
.E .. l.. .. • 
Output : 
EPD 
EMU 
Y ( I ) · "  
�,'. ... 
U ( I )  
RDU 
I 
TAUT 
YL 
IL 
Note 
= o . 4  
= 1 
= 0 ( no roughness) 
= 1 (with roughness) 
Index belonging to 
Y (  I) 
Last value y* for 
which U� was 
calculated 
Index belonging to 
YL 
D I M E N S I ON . Y <  5 0 > , Z C 5 0 ) , U ( 5 0 ) , P H (  5 0 ) , D U (  5 0 ) 
1 F O RM A T  ( F l l e 7 )  
2 F O R M A T ( 3 ' F l 0 . 5 } ) 
3 F O RM A T  C l H " , F L  . •  7 , F l 0 . 5 )  
4 F O R M A T  C ' H 0 , F l 0 � 5 )  
5 F O R M A T  ( l H s I 6 , 6 ( 4 X , E l l . 4 ) ) 
7 F O R M A T  C l H 0 r I 6 , 6 HMA X Y = , E l l . 4 ) 
1 1  R E A D  ( 1 1 , 1 ) A K  
1 2 R E A D  { 1 1  , 1 ) V \JJ 
1 3  R E A D ( 1 1 , 2 '  c : , C 2 , E 
8 \� R I T E .1. 2 ., 3 i I t vi , E 
I F C E ) l 4 , 1".1- d 5  
1 4  E = E + 6 0 • 
1 5 D = 6 0 . 
I F  C V v-J ) 1 6 , 1 7 ,  1 7 
1 6 A =  2 6 • - 2 0 0 " � :- 'J •.✓ 
GO T O  1 8  
1 7 A =  2 6 • - 2 5 �• '.- \/ vl 
1 8 WR I T E  · 1 2 , 4 � ·"' 
DZ = O . l  
DZ N = 2 • 3 0 3 -k D L . ' .3 , 
Z C l ) = - 0 . 8 
DO  2 0  J = 2 , 4  
I = J 
Z (  I ) = Z ( I - 1 ) + D Z  
Y (  I ) = l O • * ·* Z ( I )  
I F ( A B S ( I \  .J -· 0 (> 0 0 0 }_ i 8 7 , 8 8 , 8 8 
8 8 DU C J ) = Y ( l Jk E �< P ( · ' � t1 -'� Y : I � ) 
U ( I l = 1 • / I/ \l.f -�:- ( E X P ! V �-! -)(- Y ! f ) \ -- 1 • ) 
GO  T O  1 9  
8 7  U ( I ) = Y ( l ) 
DU  ( J )  = Y { I ) 
1 9  I F  C l . + VW * U ( : � ) 7 0 , 1 1 9 , 1 1 9 
1 1  9 . Y T  = ( - Y ( I , ·* S 1,,_) R T t l � + \I VJ -x u ( I } ) l / A 
2 O p H  ( I ) = · • -- C 1 -:� E X P < Y T ) + C 2 * E X P < Y T * D / E ) l * �- 2 
M = l 
1 = 4  
J = I 
L = l 
GO  T O  4 5  
3 1  I = I + 1  
J = I 
I F  ( I - 5 0 ) 3 2 , 3 2 , 7 0 
3 2  Z ( I ) = Z ( l - l ) + D Z  
Y (  I ) = l O • ·� ·* Z < I )  
G O T O  ( 3 3 , 8 1  ) , L -
8 1  I F  ( Y ( l ) - Y L)  3 3 , 8 2 , 8 2  
3 3  D U ( J ) = 3 • * ( D U ( J - l ) -D U ( J - 2 )  ) + D U ( J - 3 ) 
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4 0 U C  l ) = U ( I - l . ) + D Z N * ( l . 2 5 * D U ( J ) + 2 . * DU ( J - l ) - 0 U ( J - 2 ) / 4 . ) 
1 F c 1 .  + vv r�- u ( : ) > 7 o ,  4 1  , 4 1  
4 1 Y T =  ( - Y  ( I ) �� S Q  f� T . 1 • + V if/* U ( I ) ) ) / A 
P H ( I  } = C l . - C l * E X P < Y T ) +C 2 * E X P ( Y T * D / E ) > * * 2  
4 5  DU l = D U ( J )  
A R G = l . + 4 . * ( A K* Y ( I )  ) ** 2 * P H ( I ) * ( l . + VW * U C I ) J 
I F  ( A R G ) 7 0 , 4 6 , 46 
4 6  R O T = SQ R T C A R G ) 
D U Y =  C 2 .  * C 1 .  + V\AJ -l<- U  ( I ·  * Y  ( I )  ) / ( 1 .  + R O T ) 
I F  ( D U Y- 0 . 0 0 1 ) 7 0 , 4 7 , 4 7 
4 7  D F l = D U Y - DU l 
G O  T O  ( 4 8 , 5 1 ) , M 
4 8  D U ( J ) = D U Y  
M = 2 
GO  T O  5 2 
5 1  D U C J ) = ( D U 2 - D U l } -! ( D F l - D F 2 ) * D F l + D U C J ) 
5 2  D F 2 = D F 1 
DU 2 = DU 1  
J F ( A BS ( D F l / D U l � - 0 � 0 0 0 1 ) 5 5 , 5 5 , 4 0  
5 5  R D U = D U Y / Y ( I  
T A U T = 1 • -- R JU+  ·v' ·:,' ·� i ; r I ) 
WR I T E ( 1 7- , 5 )  l , ·-: -.  1 > , U (  I }  , R DU , T A U T , E P D , E MU 
M = l 
GO T O  3 1  
7 0  I L = l - J 
Y L = Y ( I - 1 ) 
L = 2  
WR I T E  ( 1 2 , 7 )  I L , Y L 
G O  T O  1 2  
8 2  I F  C C 2 ) 1 2 , i 2 , 7 l  
7 1 E = E + l O  
I F  C E -- 6 0 . ) 8 , 8 ' 1 2  
E N D  
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I I  PROGRAM FOR PLOTTING EXPERIMENTAL VELOCITY PROFILES 
FOR DATA SMOOTHING 
Program 
Input : 
!LANK 
IOT 
IX 
AI O 
co 
N 
FV 
YL 
Output : 
Y ( I )  
B ( I) 
VB ( I ) 
Symbol Analysis Symbol 
y 
y/CJ 
U/U0 
Note 
= "blank " 
= • ( peri od ) 
= X 
= o . 826 specifi c 
gravity  
= 2 0  ° t i lt ing angle 
of manometer 
Number of data points 
Manometer read ing ,  in . 
D I M E N S I ON  V ( 5 2 ) , Y ( 5 2 > , B ( 5 2 ) , V B ( 5 2 ) , L C 1 0 1 ) , V B N C 1 o· 1 ) 
1 F O R MA T ( 3 A l ) 
2 F O RM A T  ( 2 F l 0 . 5 , ! 2 ) 
3 F O R M A T  ( 2 F l 0 . 5 )  
4 F O R M A T  C l H , 2 F l 6 . 6 )  
5 F O RM A T  C l H , S X , 1 0 1 1'1 )  
6 F O R M A T  ( l H , 8 X , 1 0 J A 1 ) 
7 F O RM /\ T  ( l H , F 8 . 4 , 1 0 1 A l , F 8 . 5 ) 
8 F O RM A T C l H , l O X , 5 2 1 1 ) 
9 F O R M A T  ( l H , l O X , 5 2 A l ) 
1 0  F O R M A T C l H , F l 0 . 5 , 5 2 A� , 5 F 8 . 5 )  
1 0 1 F O R M A T  ( HI J , 2 0 X , 8 H r  L O T  T I N G  I I ) 
1 0 2 F O R M A T  C 1 H l , 2 0 X , 1 0 H T A BU L A T I N G / / / ) 
1 0 3 F OR M A T  ( l H J  , 2 0 X , 2 4 H D I M E N S I O N L E S S  T A B U L A T I N G / / / ) 
1 0 4  F OR M A T  ( 1 H + , 1 1 X , 5 1 A l ) 
1 0 5  F O R � A T  ( 1 H 0 , 7 H N EW S E T / ) 
1 1  R E A D  ( 1 1 , 1 )  I L A N K , I O T , I X 
1 2  R E A D  ( 1 1 , 2 )  A I O , C O , N  
1 3  R E A D  ( 1 1 , 3 )  F V , Y L 
C 0 = 3 . 1 4 1 5 9 * C 0 / 1 8 0 .  
FV = F V / 1 . 5 3 
F V = SQR T ( F V* S  I ,,J ( C O )  :r-- A I 0 -* 6 2  • 2 * 6 4  • 4 /  ( 1 2  • * O . 0 7 0 4 4 ) )  
WR I T E ( 1 2  d O 2 )  
DO 1 4  I =  J , N 
R E A D  ( 1 1 , 3 )  Y (  I )  , V (  I )  
V (  I ) = V (  I ) / 1 . 5 3 
V ( l ) = S Q R T ( V ( l ) * S I N ( ( O ) * A I 0* 6 2 � 2 * 6 4 . 4 / ( 1 2 . * 0 . 0 7 0 4 4 ) l 
WR I T E ( 1 2 , L!- )  Y ( J ) , V ( I ) 
1 4  C ON T I N U E  
W R I T E ( 1 2 , 1 0 3 ) 
WR  I T  E < 1 3  , 1 0  5 ) 
DO  1 5 I =  1 , N 
8 (  I ) = Y (  I ) / Y L  
V f3 ( I ) = V ( l ) / F V  
WR I T E  ( 1 2 , 4 ) B ( I ) , V t.d I ) 
WR I T E ( 1 3 , '+ l  Y ( I ) , V B ( l )  
1 5  CON T I N U E  
I/JR I T E  ( 1 2  , 1 0  1 ) 
DO 1 6  I = 1 , 1 0  0 
1 6  L ( l ) = O 
L ( 1 0 1  ) ·= 1 
WR I T E ( 1 2 , 5 )  < L C  I ) ,  I = l , 1 0 1 ) 
DO 1 7  . I = l , 1 0 1 
1 7  L ( I ) = I O T  
W R  I T E  ( 1 2 , 6 ) ( L C I ) , I = 1 , 1 0 1 ) 
N l = l  
N 2 = 1 0  
N N = O  
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1 8 DO 1 9 I = N 1 ., N 2 
1 9  L (  I ) = N N  
N l = N l + l O 
N 2 = N 2 + 1 0 
N N = N N+ l 
I F ( N 2 - 1 0 0 ) 1 8 , 1 8 , 2 0  
2 0  L ( l 0 1 ) = 0 
W R I T E  ( 1 2 , 5 )  ( L ( l ) ,  I = l , 1 0 1 ) 
N l = l  
N 2 = 1 0  
2 3  N N = O  
2 1  D O  2 2  l = N l , N 2 
L ( l ) = N N  
2 2  N N = N N + l 
N l = N l + l O  
N 2 = N 2 +°1 0  
I F  ( N 2 - 1 0 0 ) 2 3 , 2 3 , 2 4 
2 4 v:R I T E  ( 1 2 , 5 ) ( L ( I ) , I = 1 , 1 0 1 ) 
DO 8 0  I = l , 1 0 1  
8 0  VBN ( I ) = 0 .  
N B = l 
UD= 0 . 0 1  
8 4  I =  1 
2 5  F = B (  I ) - U D 
I F  C F )  2 7 , 3 0 , 2 8 
2 7  I F  ( A B S ( F ) - 0 . 0 0 5 ) 3 0 , 3 0 , 2 9 
2 8  I F  ( A B S ( F ) - 0 . 0 0 5 ) 3 0 , 2 9 , 2 9 
2 9  V B N ( N B ) = 0 .  
I =  I +  1 
I F  ( 1 - N l  2 5 , 2 5 , 8 6 
3 0 V B N  ( N B ) =  V t3 ( I ) 
I =  I +  1 
I F  ( 8 (  I ) - U )+ Q . 0 0 2 ) 2 5 , 2 5 , 8 6 
8 6  U D = U D + 0 . 0 1 
NB = N !::3 + 1 
3 1  I F  ( N B - 1 0 0 ) 8 4 , 8 4 , 3 2 
3 2  U D = 0 . 0 1  
VGN ( l 0 0 ) = l 
3 3  DO  4 0  I = l , 1 0 0 
F = V B  N, ( I ) - U D 
1 F ( F ) 3 I+ , 3 7 , 3 6 
3 4 l F  ( A B S ( F ) - 0 . 0 0 � ) 3 7 , 3 7 , 3 8 
3 6 I F ( A G_S ( F ) - 0 . 0 0 5 l 3 7 , 3 8 , 3 8 
3 7  L ( I ) = I X 
N B = I 
G O  T O  1+ 0  
3 8 L ( I ) = I L A N K  
4 0  C O N T I N U E  
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\!./R I T E ( 1 2 , 7 )  U D , I O T , ( L ( I ) ,  I = l , 1 0 0 ) , VB N ( N B )  
N B = l O l  
U D = U D + 0 . 0 1 
I F  ( U D - 1 . 0 )  3 3 , 3 3 , 4 1  
4 1  WR I T E { 1 2 , 1 0 1 ) 
DO L._ 2 I =  1 , 2 3 
4 2  L { l ) = O 
N 1 = 2 4  
N 2 = 2 8  
N N = l  
4 3  DO Lt 4 I = N l  , N 2 
4 4  L C I ) = N N  
N N = N N + l 
N l = N l + 5  
N 2 = N 2 + 5 
I F  C N 2 - 5 3 ) 4 3 , 4 3 , 4 5 
4 5  WR I T E  ( 1 2 , 8 )  ( L C I ) ,  I = l , 5 2 ) 
DO  4 6 I =  1 , 5 2 
4 6  L ( I ) = I O T 
WR I T E  ( 1 2 , 9 )  ( L (  I ) ,  l = l , 5 2 ) 
DO  4 7 I =  1 ,  1 4  
4 7  L ( l ) = O  
N N = l  
D O  ti 8 I = E >  , 2 3 
L ( l ) = N N  
4 8  N N = N N + l 
N l = 2 4 
N 2 = 2 8 . 
4 9  N N = O  
D O  5 0  I =  N l , N 2 
L C I ) = N N 
5 0  N N = N N + 2  
N l = N l + 5  
N 2 = N 2 + 5  
I F  C N 2 - 5 3 } 4 9 , 4 9 , 5 1 
5 1 1,.;R I T E  ( 1 2 , 8 ) ( L ( I ) , I ::: 1 , 5 2 ) 
DO 5 2 I =  1 ,  5 
5 2  L C I ) = 0 
N N = l  
DO  5 3 I = 6 , ] 1+ 
L ( I ) = N N  
. 5 3  N N = N N + l 
D O  5 4 _I = 1 5 , 5 2 
5 4  L ( I ) = 0 
WR I T E ( 1 2 , 8 )  ( L ( I ) ,  I = l , 5 2 ) 
NN = 0 
DO  5 5  1 = 1 , :) 
L ( I ) = N N  
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5 5  NN = N N + 2 
DO 5 6 I =  6 ,  5 2 
5 6  L ( l ) ::: 0 
WR I T E  ( 1 2 , 8 )  ( L ( I ) ,  I = l , � 2 )  
M L = l 
N N = N + l 
D O  5 7  I = N N , 5 2 
5 7  L ( I ) = I L /\ N K  
M M = l 
UD = 0 . 0 0 1  
6 4  D O  6 3  I = l , 5 
6 3 V O N  ( I ) = 0 .  
N l = l  
5 8  D O  7 0  I = l , N 
F = V B { I ) - U D  
I F  C F )  5 9 , 6 0 , 6 1  
5 9  I F  C A B S ( F J - 0 . 0 0 0 5 ) 6 0 , 6 C , 6 2 
6 1  I F  C AB S ( F ) - Q . 0 0 0 5 ) 6 0 , 6 2 , 6 2 
6 2  L ( J ) = I L A N K  
GO  T O  7 0  
6 0  L ( I ) = I X  
M L = 2  
Vl3 N ( N l ) = V B ( I )  
N l = N l + l 
MM = 2  
7 0  C O N T I N U E  
G O  T O  ( 7 2 , 7 1 ) , M � 
7 J WR I T E . { ) 2 , 1 0 )  U D , I O T , < L C I ) ,  I = l , 5 1 )  , C V B N ( I > ,  I = l , 5 ) 
GO  T O  ( 7 2 , 9 0 ) , M L  
9 0  D O  9 1  I = l , N  
9 1  L ( I ) = l O T 
WR I T E ( 1 2 , 1 0 4 )  ( L ( I ) ,  I = l , N ) 
7 2  UD = U D + 0 . 0 0 1  
M L = l  
I F  ( U D- 1 . 0 )  6 4 , 6 4 , 1 2 
E N D 
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�I I I  PROGRAM FOR CALCULATING 0, CT AND Cr'/2 BY EQ . ( 3�3) 
Program Symbol 
Input : 
X ( I )  
UA 
vwx 
RAYL 
DUA 
N 
NS 
. NSS 
Output : 
XXX 
REY 
UAU 
RAYL 
C F ( I ) 
TAW ( I) 
PGRD 
Analysis Symbol 
X 
X 
Rx 
Vw/Uo 
RAYL 
Cr ' /2 
Tw 
dU0/dx 
Note 
= 6 ,  1 2 ,  1 8 ,  2 4 , 3 0 , 
36 , 42 , 48 , 54 ,  6 0  
Numbers of velocity 
profi le - points 
Position of x 
Numbers of sets of 
data 
D I M E N S I O N  .X ( 1 0 ) , Y ( 5 2 ) , U ( 5 2 ) , C F ( 1 0 ) , T A 'v✓ ( 1 0 ) , F N ( 6 2 0 ) 
D I  ME N S  I O N  X N ( 1 0 )  , S 1 M ( J. 0 ) , F ( 5 2 ) , G N  < 6 2  0 )  , G I  < 5 } 
D I M E N S I O N G I M C l O ) , G ( 5 2 )  , S I ( 5 ) 
1 F O R M A T  C l O F 7 . 3 ) 
2 F O R M A T  C F 1 7 . 6 , F l 6 . 6 ) 
3 F O R M A T  ( 3 1 3 )  
4 F O R M A T  C 4 F l 0 . 5 ) 
5 F O R M A T  ( l H 0 , 7 ( 2 X , E l 0 . 3 ) / / / ) 
6 F O R M A T  ( l H , 3 ( 4 X , E l 2 . 5 ) ) 
1 1  R E A D  ( 1 1 , 1 )  ( X ( I )  , I = l , 1 0 ) 
DO 5 0 I =  1 , 1 0  
5 0  X ( I ) = X ( l ) / 1 2 .  
RO = 0 . 0 7 0 4 4 / 3 2 . 2  
A M  U :.:  3 • 9 7 / 1 0 .  * -X- 7 
1 2  R E AD ( 1 1 , 4 )  U A , VW X , R A Y L , DUA 
N D = l 
UAV = V W X / 'J A  
1 3  R E A D ( 1 1 , 3 )  N , N S , N S S  
I I =  1 
1 4  D O  1 5  1 = 1 , N 
R E A D  ( 1 1 , 2 )  Y ( 1 ) , U ( 1 )  
G ( J ) - ( 1 . - U ( l ) )  
F C I ) = U ( I ) * G  C I ) 
1 5  C ON T I N U E  
F N C U = O •  
G N ( l ) = O •  
F N C 2 ) = F ( l ) / 2 .  
GN C 2 ) = G ( l ) / 2 •  
N N = 2  
DO 1 6  I =  1 ,  5 
J = I + N N  
F N C J ) = F ( I )  
G N  ( J ) = G  ( I ) 
1 6  N N = N N + l 
N N = 3  
D O  1 7 I =  1 , 4 
J = I + N N  
F N ( J ) = ( F ( I + l ) + F <  I )  ) / 2 .  
G �l ( J ) = ( G ( I + 1 ) + G ( I ) ) / 2 • 
i 7 N N = fm +  1 
SU M l = O o  
S U M 2 = 0 •  
G U M  1 = O .• 
GUM 2 = 0 •  
DO 1 8  I = 2 , 1 0 , 2 
G UM l = G UM 1 + 4 . -,-'- G N (  I )  
1 8  SUM l = S UM 1 +4 . * F N ( I )  
D O  1 9 I = 3 , 9 ,  2 
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G UM 2 = G UM 2 + 2 . * G N ( I ) 
1 9  S UM2 = S UM 2 + 2 . * F N ( I )  
K = l 
S I  ( 1 ) = 0 . 0 0 1  * ( F N ( 1 ) + S U M  1 + S UM2  + F f\l ( 1 1  ) ) / ( 3 6 .  ) 
G I  ( l ) = O . O O l * ( G N ( l ) + GUM l + G UM2 + G N C l l ) ) / ( 3 6 . ) 
F ( 4 ) = 0 •  
G ( 4 ) = 0 • 
N l = l  
N 2 = 1 0  
1 = 5 
H = Q . 0 1  
2 0  Y D = O . 
D O  2 1  J = N J  , N Z 
F N ( J ) = F ( I > + ( Y D / H ) * ( F ( _ I + 1 > - F ( I - 1 ) ) / 2 • + ( Y D / H ) �- * 2 * ( F 
1 ( I + l ) - 2 . * F ( I ) + F ( I - 1 ) ) / 2 •  
G N ( J } = G (  I ) + ( Y '.) / H ) -� ( G (  l + l ) - G (  1 - 1 } ) / 2 . + ( Y D / H ) * * 2 -* ( G 
1 C I + l ) - 2 . �- G ( l ) +G ( I - 1 ) ) / 2 •  
2 1  Y D = Y D+ 0 . 0 0 1 
I =  I +  1 
I F  ( I - N )  5 1 , 5 2 , 5 2 
5 2  1 1 = 2 
GO  T O  5 3  
5 1  I F  ( I - 1 3 } 6 0 , 6 0 , 2 2 1 
6 0  N l = N l + l O 
N 2 = N 2 + 1 0  
G O  T O  2 0  
2 2 1 F N ( 9 J. ) = F ( l l1- )  
G N ( 9 l) = G ( l 4 ) 
5 3  SUM l = O •  
S U M 2 = 0 • 
GUM l = O .  
GUM2 = 0 .  
D O  2 2  I = 2 , N 2 , 2  
G UM l = C; U ,\1 1 + 4 . -* G N ( I )  
2 2  SUM l = S UM 1 + 4 o * F N ( l )  
N 2 = N 2 - l 
D O  2 3  I = 3 , N 2 , 2  
G UM 2 = G UM 2 + 2 . * G N (  1 )  
2 3  S U M 2 = S UM 2 + 2 . * F N <  I ) 
K = K + l 
GO  T O  ( � t➔ , 5 5 ) , I I  
5 5  S I ( 2 ) = 0 . 0 0 l * ( F N ( l ) + SUM l + S U 0 2 + F ( N ) ) / 3 6 .  
G I  ( 2 ) = 0 . 0 0 l * ( G N ( l ) + G U M l + G UM 2 +G < N ) ) / 3 6 .  
GO  T O  4 0 
5 4  S I  ( 2 ) = 0 . 0 0 l * ( F N ( l ) + S UM l + S UM2 + F N ( 9 1 ) )
/ 3 6 . 
_ G I  ( 2 ) = O  0 0 1 -� ( G f\ ( 1 )  + G l.F·-1J + G UM 2 + G N ( 9 1  > )  / 3
6 .  
F ( l 3 ) = 0 o  
G ( l 3 ) == 0 e  
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N l = l  
N 2 = 1 0  
1 = 1 4  
H = O . l  
2 4  Y D = O . 
DO  2 5  J = N l , N 2 
F N ( J ) = F C I ) + C Y D / H ) �- ( F ( I + 1 ) - F ( I - 1 ) ) / 2 • + ( Y D / H ) * * 2 * ( F 
1 C I + l ) ·- 2 . * F ( l ) + F ( I -- 1 ) ) / 2 .  
G N C J ) = G (  I ) + ( Y D / H } * ( G (  I + l ) - G C  I - 1 )  ) / 2 . + ( Y D / H ) * * 2 * ( G  
1 ( l + l J - 2 . * G (  I ) + G ( l - 1 ) ) / 2 .  
2 5  Y D = Y D + 0 . 0 1  
I =  I +  1 
I F  C l - N ) 2 6 , 1 3 1 , 1 3 1 
1 3 1  1 1 = 2 
G O  T O  2 8 
2 6 I F  C I - 2 3 ) 2 7 , 2 8 , 2 8 
2 7  N l = N l + l O 
N 2 = N 2 + 1 0 
GO T O  2 't 
2 8  S U M l = O •  
SUM 2 = 0 .  
G U M l = O •  
G U M 2 = 0 •  
D O  2 9  1 = 2 , N 2 , 2 
GU M l = G U M 1 + 4 . * G N ( I )  
2 9  S U M l = S U M 1 + 4 . -� F N ( I )  
N 2 = N 2 - l 
D O  3 0  I = 3 , N 2 , 2  
G U M 2 = G UM 2 + 2 . * G N ( I )  
3 0 S U M 2 = S UM 2 + 2 . * F N ( I }  
GO T O  ( 3 1 , 3 2 ) , 1 1  
3 2  K = K + l 
S I ( K J = 0 • 0 p- ( F N ( l ) + S UM  1 + S U ,'� 2 + F ( N ) J / 3 6 • 
G I ( K ) = 0 • 0 1 -* ( G N ( 1 ) + G U M  1 + G U t•i 2 + G ( N } ) / 3 6 • 
GO T O  4 0  
3 1  K = K + l 
S I  ( K ) :-: O . G l -� ( F N ( l ) + S U l'/i l + S U M 2 + F ( 2 3 ) ) / 3 6 . 
G I  ( K ) = O . O l * ( G N ( l ) + G U M l + G U f-l, 2 + G ( 2 3 ) ) / 3 6 .  
F C 2 2 ) ::;; f ( � 1 J  
G ( 2 2 ) = G ( 2 1 ) 
N l = l  
N 2 = 2 0  
1 = 2 3  
H = 0 . 2  
1 3 2 Y D = O .. 
DO  3 3  J = N l , N 2 
F N ( J ) = F ( I ) + ( Y D / H ) �- ( F ( I + 1 l - F ( I - 1 } ) I 2 • + ( Y D  I H ) * * 2 * C F 
1 ( I + l ) - 2 . -* F ( l ) + F ( I - 1 ) ) / 2 •  
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GN ( J ) = G C I ) -+ ( Y D / H ) * ( G ( I + l ) -G ( I - 1 )  ) / 2 . + C Y D / H J * * 2 * t G  
1 ( l + l ) - 2 . * G ( l ) + G ( l - 1 ) ) / 2 •  
3 3  Y D = Y D + 0 . 0 1 
I =  I +  1 
I F  ( 1 - N ) 3 4 , 3 5 , 3 5 
3 4  N l = N l + 2 0 
N 2 = N 2 + 2 0 
GO  T 0 1 3 2  
3 5  S UM l = O •  
S UM 2 = 0 •  
GUM l = O •  
GU 1'-1 2 = 0 • 
DO 3 6  I = 2 , N 2 , 2  
G U M l = G U M 1 + 4 � * G N ( I )  
3 6  S UM l = S UM 1 + 4 . * F N ( 1 )  
N 2 = N 2 - l  
D O  3 7  1 = 3 , N 2 , 2  
G U M 2 = G UM 2 + 2 . * G N ( I )  
3 7  S U M 2 = S UM 2 + 2 . * F N ( J ) 
K = K+ l 
S I  ( K ) = O . O l * ( F N ( J  ) + S UM l + S UM 2 + F ( N )  ) / 3 6 . 
G I  ( K ) = O . O l * C S N <° l ) + G UM l + G U M 2 + G ( N )  ) / 3 6 . 
4 0  S I M P = O •  
G I MP = O .  
DO  4 1 I =  1 , K 
G I M P = G I M P + G I ( I )  
4 1  S l MP = S I M P + S I C I )  
S I M C N D ) = S I M P 
G I M (  N D ) = G l i"1 P 
X N ( N D ) = X ( N S ) 
G I MN D = G I M ( N D ) * l 2 •  
S 1 M N D = S I M ( N D J � l 2 •  
WR I T E ( 1 2 , 6 )  S I M N D , G I MN D , X N ( N D )  
N D = N D + l 
I F  ( N D - N S S J 1 3 , 1 3 , 4 2 
4 2  I =  1 
4 3  C F ( I ) = ( S I M (  J + l ) - S I M (  I J ) / ( X N C  I + l ) - X N C I )  ) - UA V 
1 + < 2 � + G I M ( I + l ) / S I M ( I + l ) ) * S I M ( l + l ) * D UA / UA 
T A� ( I ) = R O * UA * * 2 * C F ( l ) 
X X X = X N ( I + l ) 
R E Y = R O * U A * X X X / AM U  
P G  R D  = U ;,._ *· D L; A *  R 0 
WR I T E C 1 2 , 5 )  x x x , R E Y , U A V , RA YL , C F ( I l , T .A. V./ (  I )  , P G R D  
I = I + l  
I F  ( I - ( N S S - 1 ) )  4 3 , 4 3 , 1 2 
E N D  
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1 02 
IV PROGRAM FOR CALCULATING Cf/2 BY EQ . (J-4 ) 
Program 
Input : 
PSIN1 
co 
D 
pp 
X 
RAYL 
Output :  
D 
UA 
TAW 
CF  
REY 
RAYL 
Symbol Analysis Symbol 
d 
Pt - Ps 
X 
RAYL 
Free s tream manometer 
read ing , in . 
- =  20 ° t i l ting angle 
Boundary Layer mano­
m e ter reading , i n .  
1 F O R M A T  C FT2 . 7 )  
2 F OR M A T  C 2 F l 0 . 5 ) 
3 F O R M A T  ( 1 H 0 , 6 ( 3 X , E l 2 . 5 ) ) 
1 2  R E AD ( 1 1 , 1 ) P S 1 N l  
R E A D  C l l , l )  C O  
1 1  R E A D  ( 1 1 , 1 )  D 
R E A D  ( 1 1 , 1 )  P P  
R E A D  ( 1 1 , 2 )  X , R A Y L  
R 0 = 0 . 0 7 0 4 4 / 3 2 . 2  
AMU = 3 . 9 7 / l o -:r n 7 
A N U = Ai'-'1 U / R O . 
P S I N l = P S I N l * S I N ( C 0 * 3 . 1 4 1 5 9 / 1 8 0 . ) / l . 5 3 
UA = SQR T ( 2 . * ( P S I N 1 ) * 0 . 8 2 6 * 6 2 . 2 / ( R 0* 1 2 . ) )  
P P = P P * 0 . 8 2 6 * 6 2 . 2 / 1 2 . * S I N C C 0* 3 • 1 4 1 5 9 / 1 8 0 ; J / l . 5 3 
A = 0 . 8 7 5 * A L OG 1 0 ( ( P P / 1 4 4 . ) * D * D / ( 4 . * R O* A N U * * 2 J > - 1 . 3 9 6  
T AW = 4 . * R O * A N U * * 2 * 1 0 . * * A / ( D* D ) * l 4 4 . 
R E Y = U A * X / ( 1 2 . * A N U ) 
C F = T AW / ( R O * U A* U A ) 
WR I T � ( 1 2 , 3 )  D , U A , T AW , C F , R E Y , R A Y L  
G O  T O  1 2  
E N D  
1 03 
Program 
Input : 
UAO 
UA 
RAYL 
vw 
X 
UKS 
N 
TAW 
Y ( I )  
U ( I ) 
Out put : 
VWT 
E 
UKS 
RAYL 
X 
YI ( I ) 
UT ( I ) 
YN 
U ( I ) 
1 04 
V PROGRAM FOR CALCULATING EXPERIMEN'rAL SHEAR 
VELOC IT Y DISTRIBUTION 
Symbol Anal ysis Symbol Note 
Uo Run wi th no inj ection 
or suction 
Uo Run with injecti on or 
suction of same panel 
RAYL 
Vw 
X 
UoE/V Run with no injection 
or suction 
Numbers of velocity 
profile points 
Tw 
y 
U/U0 
Vw * 
E* 
U
0
E/V 
RAYL 
X 
y* 
u* 
y 
U/U0 
D I M E N S I ON ·Y ( 5 2 )  , U ( 5 2 ) , Y T ( 5 2 )  , U T ( 5 2 )  
1 F O R M A T  ( 5 F l 0 . 5 , 2 E l Q . 3 , I 2 )  
2 F O RM A T  ( F l 7 . 6 , F l b . 6 J 
3 F O R M  A T ( 1 H , 2 ( 5 X , E l 1 • L1- ) ) • 
4 F O RM A T  ( 1 H l , 3 C 2 X , E l l . 4 J , 2 ( 2 X , F l 0 . 5 ) / / / )  
5 F O R M A T  ( 1 H l , 1 4 H N O N D I M E N S I O N A L / / / )  
AMU  = 3 • 9 7 / 1 0  • -* * 7 
RO = 0 .  0 7 0 t,.t+ I 3 2 .  2 
1 1  R E A D  C l l , l )  U A O , UA , R A Y L , V W , X , U K S , T A W , N  
DO  1 2  I =  1 , N 
1 2  R E A D ( 1 1 , 2 )  Y ( l ) , U ( I )  
UK S = U K S �- U A / UAO  
. A N U = /\MU / R O 
T C  = S Q  R T ( T A \U I� 0 ) 
VW T = V \U T C  
E = U K S *  T C  / LJ ,-'\ 
WR I T E ( 1 2 , 4 )  V W T , E , UK S , R A Y L , X  
D O  1 4  I =  1 , N 
Y T ( I J = Y (  I J �- T C / A N U  
U T  ( I J = U ( I J -* U 1\ I T C 
1 4  WR I T E ( 1 2 , 3 )  Y T ( I ) , U T ( I J 
WR  I T E  ( 1 2  , 5 ) 
DO  1 5  I =  1 ,  N 
Y N  = Y C I ) / Y ( N )  
1 5 'v.' R I T E ( 1 2 , 2 J Y N , U ( I ) 
G O  T O  1 1  
E N D  
l U ) 
